The surface states of the active TiO2 layer is crucial while fabricating an efficient solar cell. This work experimentally analyses the effect of exposing TiO2 based electron transport layer (ETL) to the ultraviolet-ozone (UV-O3) and optimizes the exposure time for improving power conversion efficiency (PCE) of fabricated dye-sensitized solar cells (DSSCs). These results demonstrate that the performance of DSSCs can be improved significantly by UV-O3 exposure of sintered TiO2 photoanode surface, with the duration of exposure being a critical parameter. Fabricated devices show 33.01 % increase in PCE for the optimum exposure. Nevertheless, overexposure of the sample beyond the optimum time decreases the efficiency of the fabricated solar cells. The device with optimum exposure exhibits the highest PCE of 8.34% with short circuit current density (Jsc) of 15.15 mA/cm 2 , open circuit voltage (Voc) of 756 mV and Fill factor (FF) of 71.10%. This
INTRODUCTION
Grätzel and O'Reagan developed dye-sensitized solar cells (DSSCs) in 1991 with mesoporous TiO2 film as photoanode [1] . Since then, DSSCs have drawn the attention of the scientific community because of its low materials cost, easy fabrication process, lightweight, flexibility, tunable optical properties, and raw materials availability. DSSCs are generally composed of mesoporous TiO2 photoanode to uptake dye photosensitizer, liquid electrolytes (I -/I3), and platinum (Pt) counter electrode. So far, ≈13% efficiency has been reported for DSSCs based on TiO2 photoanode [2, 3] .
The most preferred photoanode material for DSSC is nanocrystalline TiO2 due to its electro-optical characteristics i.e., favourable valence band and conduction band position for dye and FTO, chemical stability, high refractive index (2.45), cost-effectiveness, strong oxidizing power, mesoporous nature and low toxicity [4] [5] [6] . TiO2 based photoanode plays multiple roles for efficient charge generation, charge separation, and charge transfer from dye molecule to transparent conducting oxide (TCO) substrate. The conversion of light to electricity consists of multiple dynamic processes in DSSCs. Several undesired recombination processes are also known to occur at the photoanode, significantly reducing the PCE. Minimizing such unwanted processes at the active layer of TiO2 is required for the efficient performance of the DSSCs. Hence, the surface states of the active layer of TiO2 plays an important role in the fabrication of an efficient solar cell [7] [8] [9] [10] [11] .
Several modifications of the TiO2 photoanode have been reported to increase the efficiency of DSSCs, such as compact or blocking layer [12] [13] [14] , scattering layer [15] , atomic doping [16, 17] , surface treatment [18] , etc. The surface treatment of TiO2 electron transport layer (ETL) has become an essential step for improving the performance of DSSCs. Surface treatment of the photoanode affects dye loading capacity, electron transport, and electron recombination processes.
TiCl4 treatment on the TiO2 ETL has been the most commonly applied method to increase efficiency of DSSCs [19] [20] [21] . However, TiCl4 is not stable at room temperature as it reacts with moisture present in the air to produce the harmful hydrochloric acid [22] . A simple post-treatment of TiO2 photoanode by urea solution with a concentration of 1 g/mol showed improvement in the efficiency of solar cells [23] . A comparative study of oxygen plasma treatment and oxygen ion beam treatment has reported that Oxygen ion beam treatment of DSSCs shows higher efficiency than plasma treatment. As it is much more efficient in removing the number of oxygen vacancies from a TiO2 active film [24] . Deposition of various other layers of Ba(NO3)2, N2O6Sr, and Mg(NO3)2, on TiO2 electrode followed by an O2 plasma treatment, also shows significant improvement in the photo-conversion efficiency of the DSSCs [25] . Oxygen (O2) plasma treatment of TiO2 ETL, remarkably increase in the performance of DSSCs [26] . The drawback of oxygen plasma treatment, however, is its cost, which requires considerable capital investment. Therefore, UV-O3 treatment provides an effective and economical alternative method [27] .
In this study, an attempt has been made to study and optimize the effect of UV-O3 exposure on a uniform TiO2 ETL leading to DSSCs with higher efficiency. The samples were exposed to UV-O3 for different duration of times (0, 5, 10, 15, and 30 min), under ambient conditions, and keeping other parameters constant. The results demonstrate that by optimizing the exposure time, we can effectively control the stoichiometry of these samples. This results in an optimized condition affecting optical absorption, wettability, crystallinity, surface morphology, electrical conductivity etc., thereby improving the overall carrier dynamics of the prepared TiO2 film. Consequently, at the optimum condition of 10 min exposure, the PCE of DSSCs shows significant improvement to 8.34% as compared to the untreated device with a PCE of 6.27 %.
EXPERIMENTAL

Chemicals and Materials
All chemicals and reagents purchased for the experiments were used as received and obtained from different commercial sources: FTO (Fluorine doped tin oxide) glass-7 Ω/square sheet resistance Anhydrous isopropanol (Sigma-Aldrich).
Preparation of TiO2 Working Electrode
FTO substrates were cleaned using 15 min ultrasonication in Mili-Q water, acetone, and 2propanol, respectively. Cleaned and hot air dried FTO coated substrate was then exposed to UV-O3 treatment for 15 min to remove any organic contaminants. The mesoporous layer of TiO2
consists of two layers. The TiO2 paste consists of 600 mg P25 powder, 5 mL ethanol, 100 µL acetic acid, 500 µL milli-Q water, 3 gm tarpineol, and 3 gm ethyl cellulose (15 wt. % in ethanol). The mixture was stirred overnight and spin-coated at 5000 rpm for 45 secs on the clean substrate. After drying the first layer of TiO2 at 100 º C for 10 min, the second layer of TiO2 was applied by the doctor blade technique using Sigma paste and baked at 100 ºC for 20 min. Samples were then sintered at 500 °C for 30 min to improve the interfacial contact between the deposited TiO2 layer and the FTO substrate. TiO2, which acts as a layer for electronic transport, was exposed to UV-O3 for different time durations (0, 5, 10, 20, and 30 min). A set of 10 samples were prepared for each time interval to confirm the reproducibility of the experiment.
Fabrication of the Dye-sensitized solar cell
The working TiO2 photoanodes with and without UV-O3 treatment were dipped into N719 dye solution (0.3 mM N719 in tert-butyl alcohol and acetonitrile, volume ratio 1:1) and kept for 24 hours to sensitize it at ambient condition. The Pt counter electrode was fabricated on another precleaned FTO substrate by spin coating chloroplatinic acid hexahydrate solution (5 mg H2PtCl6.6H2O in 1 ml of anhydrous 2-propanol) at 5000 rpm for 45 secs followed by annealing at 
2.4
Characterization X-ray photoelectron spectroscopy (XPS) was used to study the structural and chemical changes of TiO2 film, exposed to the UV-O3 system for a different duration. The absorption spectra of thin- during the process of decomposition or formation of O3. Atomic oxygen and O3 strongly react with organic materials to produce volatile molecules such as CO2, H2O, N2 etc. The samples treatment was performed at normal atmospheric pressure and room temperature [28, 29] .
3.
RESULTS AND DISCUSSION
The structural and chemical changes on the TiO2 ETL were studied by XPS upon UV-O3 exposure. Fig. 1a , b demonstrates the XPS spectra of carbon contaminants present in TiO2 film for 0-and 10-min UV-O3 treatment. The C 1s peak intensity found at 284.8 eV decreased significantly after UV-O3 exposure. This suggests that UV-O3 treatment burns out organic contaminants from the precursor of TiO2 film [30, 31] . The quantitative analysis of carbon atom percent, C-C/C-H peak area decreased from 57.90% to 52.40% after UV-O3 treatment (Table S1 ). The relative changes in the peak area reveals that chemical environment of TiO2 film changes with UV-O3 exposure.
Carbon contamination acts as interfacial trap sites and decreases cell performance. It affects the anchoring of dye molecules on TiO2 film, which results in less quantity of dye adsorbed and therefore produces less photocurrent, fill factor, and efficiency. The O1s peak of TiO2 film without and with UV-O3 treatment was fitted with two Gaussian peaks ( Fig. 1c, d) . The central O1s peak found at 529.99 eV corresponds to the lattice oxygen of TiO2 (Ti 4+ ). The higher binding energy on shoulder peak at 531.3 eV±0.2 eV is attributed to the formation of Ti 3+ surface state through the creation of oxygen vacancies, commonly written as Ti2O3. The change of oxidation state from Ti 4+
to Ti 3+ occurred due to O¯ and O2¯ species introduced on the surface of TiO2 by UV-O3 exposure [32] [33] [34] [35] . The ratio of the atom percent calculated from the Ti2O3 peak area increases from 12.40% (0 min) to 23.4% (10 min) after the UV-O3 treatment (Table S1 ). Oxygen vacancies generated from the reduction of Ti 4+ to Ti 3+ produces electrons, thereby affecting the surface functionality and charge state of the TiO2 ETL. The excess number of electrons generated by UV-O3 treatment helps in efficient charge transport and substantial reduction in electron-hole recombination rate as inferred through impedance measurements. Fig. 1e, f (Table S1 ). The difference in these peak areas is attributed to the change in the stoichiometry of the TiO2 film; due to increase in the number of oxygen vacancies by UV-O3 exposure. 
Where is the SFE, , and are the dispersive and polar component of the SFE of the examined TiO2 films. Fig. 2a, b , c demonstrates the contact angle analysis of TiO2 photoanodes after sintering without and with UV-O3 irradiation. The contact angle reduces from 17.5 ± 0.5° to 8.2 ± 1° after 30 min of UV-O3 exposure as shown in Fig. 2d . Decrease in the contact angle ( Fig. 2a, b , c) indicates increase in hydrophilicity and corresponding increase in surface free energy ( Fig. 2e ). This
Increase in surface energy is attributed to the removal of unwanted hydrophobic organic components and the increase of hydrophilic oxygen vacancies in TiO2 film [34, [39] [40] [41] .
Atomic force microscopy (AFM) was utilized to analyse the surface topography and roughness/sectional profile of TiO2 ETL film exposed to UV-O3 system for different durations (Fig. 3a, b, c,) . The root mean square (RMS) roughness decreases by 27.22 % for 10 min exposure as compared to unexposed sample. However, roughness further increases by 19.52 % for 30 min exposure. High roughness factor and irregular pores affect crystallization properties, increase the grain size of the TiO2 film [39, 42] . 10 min UV-O3 exposure has the lowest surface roughness indicating smooth, uniform pores and compact surface films, leading to efficient harvesting of light, better accessibility of dye adsorption, and prevents direct contact between TiO2 and dye molecules thereby resulting in high conversion efficiency. The highest conversion efficiency in perovskite solar cells was also achieved for the sample with lowest RMS value [33] . .06 º , and 55.00 º respectively, and are of anatase phase [8, 43] . The diffraction pattern of TiO2 ETL photoanode with different UV-O3 treatment times remains almost the same, with slight difference in intensity and relative peak area. The highest intensity and relative peak area are observed for 10 min UV-O3 treatment. Changes in the relative peak area are presented in Table   S3 . Relative area of (211) plane decreased from 10.16% to 6.20% after UV-O3 treatment for 10 min. The highest ratio of 4.09 for (200)/ (211) plane peak area is shown in Fig. 4b . From the relative peak area analysis, it can be concluded that UV-O3 treatment affects the orientation of mesoporous TiO2 ETLs. Favourable atomic arrangement of (101) and (200) orientation leads to improve crystallinity and better interconnection between the TiO2 nanoparticle and FTO.
The changes in the photocatalytic activity were examined using the UV-visible spectrometer. Fig. 5a shows the diffused reflectance UV-Vis absorption spectra of N719 sensitizer anchored on TiO2 photoanode. The photoanode absorption spectra shows two metal-to-ligand charge-transfer (MLCT) peak at 534 nm and 400 nm. Fig. 5b illustrates the absorption spectra of dye desorbing from the TiO2 photoanode. Characteristic changes and blue shifts are observed in absorption pattern for TiO2 loaded with dye. This blue shift is attributed to better deprotonation and less aggregation of the dye on TiO2 surface [3, 9, 44, 45] . Increase in absorption intensity is observed for corresponding exposure to UV-O3 treatment (0 min <10 min< 30 min). This increase in absorption intensity of the photoanode sample exposed to UV-O3 indicates efficient adsorption of the dye molecules on the TiO2 surface due to removal of organic contamination there by providing better surface contact. This increase in dye loading capacity due to UV-O3 exposure, leads to significant improvement in the current density of the fabricated DSSCs. information about diffusion resistance of the electrolytes [44, 46, 47] . The parameters of equivalent circuit as obtained by fitting the data are presented in Table   S5 . At 0 min, the photoelectric conversion efficiency (ɳ) of DSSCs is 6.27% (Voc=718.40 mV, Jsc = 13.02 mA/cm 2 and FF = 64.20%). The presence of residual organic contaminants on the TiO2 film acts as recombination centre at the interface of TiO2 / N719 dye/electrolytes thereby critically influencing the collection and transport of electrons, thus, affecting the overall efficiency of the DSSCs [33] .
Compared to unexposed TiO2 ETL, UV-O3 exposure shows remarkable improvement in photoelectric conversion efficiency (Fig. 6c ). By optimizing the duration of exposure, the best PCE of 8.34% achieved for 10 min with an increase of 33.01% efficiency (ɳ= 6.27 to 8.34%), 16 exposure may be attributed to fast electron transfer, increase in dye absorption, minimization of surface roughness and removal of organic binders [33] [34] . However, the longer duration of UV-O3 exposure time for 30 min gives no further enhancement in the performance of DSSCs. The efficiency decreases by 14.14% (ɳ= 8.34 to 7.16%). This decrease in efficiency is attribute to lower Voc, (Fig. 6d ) and FF (Fig. S2 ) in overexposed surface may be due to the role of oxygen vacancies in facilitating carrier recombination at the TiO2/dye interface [33] [34] [35] 48 ].
CONCLUSIONS
Herein, the effect of UV-O3 exposure on the efficiency of the DSSCs has been carefully analysed and optimized. The fabricated device with optimized time for 10 min UV-O3 exposure shows the best PCE of 8.34% (Jsc=15.15 mA/cm 2 , Voc=756.00 mV, FF=71.10%) with good reproducibility.
However, any further increase in exposure time leads to decrease in the photo conversion efficiency of the solar cells. XRD and impedance curve measurement denotes enhanced crystallinity and decrease in the ohmic resistance of the electron transport layer. Thus higher efficiency for the optimally exposed solar cells may be due to removal of the organic contaminants as indicated by the increase in the oxygen vacancies (XPS results) or due to lowering of surface roughness as confirmed by the AFM results, leading to improved wettability and increase in the adsorption of dye to the TiO2 surface. However, further research is required to clearly identify the inherent mechanism. Moreover, additional experiments can be performed to explore the effect of UV-O3 exposure on the photocatalytic activity, electrical conductivity and the recombination reaction at the dye -TiO2 interface; leading to better optimized parameters for the development of efficient solar cells.
